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Rapsyn Clusters and Activates
the Synapse-Specific Receptor Tyrosine Kinase MuSK
Susan K. H. Gillespie, Sudha Balasubramanian, and is present at the mature neuromuscular junction at
concentrations equimolar to that of the AChR (SealockEric T. Fung, and Richard L. Huganir
et al., 1984). A direct role for rapsyn in the clustering ofDepartment of Neuroscience
the AChR is indicated by expression studies in heterolo-Howard Hughes Medical Institute
gous cells, where rapsyn has a profound affect on AChRThe Johns Hopkins University School of Medicine
localization (Froehner et al., 1990; Phillips et al., 1991a).Baltimore, Maryland 21205
When expressed alone in the quail fibroblast QT-6 cell
line, the AChR distributes diffusely over the cell surface.
In contrast, when coexpressed with rapsyn, the AChRSummary
becomes organized into large (10±15 mm) cell-surface
clusters that precisely colocalize with rapsyn clustersNerve-induced clustering of the nicotinic acetylcho-
(Phillips et al., 1991a). Moreover, rapsyn can induce theline receptor (AChR) requires rapsyn, a synaptic pe-
clustering of AChRs already present on the surface ofripheral membrane protein, as well as protein-tyrosine
the QT-6 cells (Phillips et al., 1993). Similar results havekinase activity. Here, we show that rapsyn induces the
been obtained in other expression systems includingclustering of the synapse-specific receptor-tyrosine
Xenopus oocytes and COS cells (Froehner et al., 1990;kinase MuSK in transfected QT-6 fibroblasts. Further-
Yu and Hall, 1994). The most compelling evidence formore, rapsyn stimulates the autophosphorylation of
rapsyn-mediated AChR clustering comes from studiesMuSK, leading to a subsequent MuSK-dependent in-
of mice carrying a deletion in the rapsyn gene (Gautamcrease in cellular tyrosine phosphorylation. Moreover,
et al., 1995). This mutation completely abolishes AChRrapsyn-activated MuSK specifically phosphorylated
clustering in the mutant mice resulting in early postnatalthe AChR b subunit, the same subunit that is tyrosine
death. Moreover, myotubes cultured from these rapsyn-phosphorylated during innervation or agrin treatment
deficient embryos are incapable of clustering the AChRof muscle. These results suggest rapsyn may mediate
in response to agrin.the synaptic localization of MuSK in muscle and that
The pathway by which the extracellular agrin signalMuSK may play an important role in the agrin-induced
is transduced to intracellular effector molecules suchclustering of the AChR.
as rapsyn is currently the focus of intensive research.
Agrin is secreted into the synaptic cleft by the motor
Introduction neuron and becomes associated with the extracellular
matrix, where it is available to interact with a receptor
The innervation of skeletal muscle by motor neurons on the surface of the muscle fiber (McMahan, 1990;
initiatesa chain of biochemical and cell biological events Bowe and Fallon, 1995). Indeed, agrin has been shown
that culminates in the formation of the neuromuscular to bind with high affinity to a-dystroglycan, a member of
junction, a structure highly specialized for the efficient the dystrophin-associated membrane±protein complex
transduction of neurochemical information (Hall and that is expressed on the surface of the muscle cell (Cam-
Sanes,1993). One of the earliestevents in thedifferentia- panelli et al., 1994; Gee et al., 1994; Bowe et al., 1994;
tion of the neuromuscular junction is the striking accu- Sugiyama et al., 1994). A role for a-dystroglycan as the
mulation of AChRs todensities approaching 10,000 mol- signal-transducing agrin receptor, however, is inconsis-
ecules per mm2 under the site of nerve±muscle contact tent with recent data. Splice variants of agrin that dra-
(Fertuck and Salpeter, 1974). Prior to innervation, AChRs matically differ in their ability to cluster the AChR bind
are diffusely expressed over the surface of the devel- to a-dystroglycan with similar affinities (Sugiyama et al.,
oping muscle; within hours of motor neuron contact, 1994). Moreover, deletion mutants of agrin that fail to
AChRs begin to form scattered microclusters that later bind a-dystroglycan can still induce AChR clustering,
condense into large, compact clusters localized directly while complementary deletion mutants that bind to
beneath the motor terminal (Steinbach, 1981; Hall and a-dystroglycan do not induce AChR clustering (Gese-
Sanes, 1993). Nerve-induced clustering of the AChR ap- mann et al., 1995, 1996; Hopf and Hoch, 1996). These
pears to be mediated by agrin, a neuronally derived results suggest that, although a-dystroglycan binds
extracellular matrix protein (McMahan, 1990; Bowe and agrin and may be necessary for agrin-induced AChR
Fallon, 1995). While the mechanisms underlying agrin- clustering, another cell surface molecule is required to
induced AChR clustering remain poorly understood, form the signal-transducing agrin receptor.
several critical players have been identified including, Protein-tyrosine phosphorylation is likely to play an
most notably, the synaptic peripheral membrane protein essential role in the formation and maintenance of AChR
rapsyn (also known as 43K), as well as several synapse- clusters at the neuromuscular junction. Immunocyto-
associated cytoskeletal proteins (Froehner, 1991; Apel chemical studies have demonstrated that high levels of
and Merlie, 1995). phosphotyrosine directly colocalize with the AChR at
Evidence has steadily accumulated that supports a the rat and chick neuromuscular junction (Qu et al.,1990;
major role for rapsyn in the clustering of the AChR. Qu and Huganir, 1994) as well as with agrin-induced
Rapsyn colocalizes with the AChR at the developing AChR clusters in cultured myotubes (Wallace et al.,
neuromuscular junction from the earliest time that mi- 1991; Meier et al., 1995). In the Torpedo electric organ,
the AChR is highly phosphorylated on tyrosine residuescroclusters of AChR are detected (Noakes et al., 1993)
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in postsynaptic membranes (Hopfield et al., 1988; and R. L. H., unpublished data). Given the pivotal role
that rapsyn plays in establishing high concentrations ofWagner et al., 1991). Moreover, these postsynaptic
membranes are enriched in a protein-tyrosine kinase the AChR at the neuromuscular synapse, we investi-
gated whether rapsyn might also functionally or physi-activity that phosphorylates the b, g, and d subunits
(Huganir et al., 1984; Hopfield et al., 1988; Wagner et cally interact with MuSK. For these studies, we em-
ployed the QT-6 fibroblast cell line, which has been usedal., 1991). In cultured myotubes, both innervation and
agrin treatment regulate the tyrosine phosphorylation of extensively tostudy the mechanisms of AChR clustering
(Phillips et al., 1991a, 1991b, 1993; Maimone and Merlie,the AChR b and d subunits (Wallace et al., 1991; Qu and
Huganir, 1994). Agrin-induced tyrosine phosphorylation 1993; Apel et al., 1995). Rapsyn forms large surface-
associated clusters when expressed in these cells andof the AChR precedes AChR clustering in myotube cul-
tures (Wallace et al., 1991; Ferns et al., 1996), suggesting also induces the clustering of the AChR and dystrogly-
can. We found that a myc epitope-tagged variant ofthat tyrosine phosphorylation of the AChR may repre-
sent a critical step in the clustering process. Finally, Torpedo MuSK (myc-tMuSK) expressed alone in QT-6
cells was diffusely distributed over the surface of theprotein-tyrosine kinase inhibitors block agrin-induced
phosphorylation and clustering of the AChR, indicating cell, as detected by immunofluorescence microscopy
using an anti-myc antibody (Figure 1A). Many cells alsoa requirement for tyrosine kinase activity in the agrin
signaling pathway (Wallace et al., 1991; Wallace, 1994; exhibit microclusters of MuSK (0.5±2 mm) on their sur-
face (Figure 1B).Ferns et al., 1996).
The protein-tyrosine kinases that are activated by In contrast, when myc-tMuSK was coexpressed with
rapsyn in QT-6 cells, its distribution was dramaticallyagrin and that phosphorylate the AChR have been diffi-
cult to identify. Two src-like kinases that associate with altered. MuSK aggregated into large clusters that colo-
calized and were coextensive with rapsyn clusters (Fig-the AChR in Torpedo electric organ have been isolated,
but no link has been made between these kinases and ures 1C and 1D). These MuSK clusters were similar in
size and morphology to the rapsyn-induced clusters ofreceptor clustering (Swope and Huganir, 1993, 1994). A
novel receptor-tyrosine kinase has been isolated from the AChR and dystroglycan previously characterized
(Phillips et al., 1991a, 1991b, 1993; Apel et al., 1995).a Torpedo cDNA library, and its mRNA is expressed
specifically in electric organ and skeletal muscle (Jen- This rapsyn-induced clustering of MuSK was specific,
since rapsyn did not induce the clustering of the TrkAnings et al., 1993). A related mammalian receptor-tyro-
sine kinase was recently identified (Ganju et al., 1995; receptor, a related receptor-tyrosine kinase (Figures 1E
and 1F) nor did rapsyn cluster other receptor proteinsValenzuela et al., 1995) and has been named MuSK
(muscle-specific kinase) to indicate its preferential ex- such as the glutamate receptor subunit GluR1 (data not
shown).pression in rat skeletal muscle (Valenzuela et al., 1995).
Immunocytochemical experiments demonstrate that Rapsyn reduces the Triton X-100 extractability of the
AChR in QT-6 cells (Phillips et al., 1993); we thereforeMuSK localizes to the neuromuscular junction of adult
rats (Valenzuela etal., 1995). Taken together, these local- examined whether rapsyn has a similar effect on MuSK.
We expressed myc-tMuSK in QT-6 cells in the presenceization and expression data indicate that MuSK ispoised
in an optimal location to modulate the tyrosine phos- and absence of rapsyn, solubilized cells with 1% Triton
X-100, and subjected the lysates to centrifugation. Wephorylation of synaptic proteins. Neither the physiologi-
cal function nor the substrates and ligands for this ki- then examined the supernatant and pellet fractions for
the presence of myc-tMuSK by immunoblotting with thenase, however, have been identified.
In this report, we analyze the role of MuSK in the anti-myc antibody (Figure 2). We found that myc-tMuSK
migrated as a protein of 120 kDa, similar to MuSK inclustering of the AChR. Using the QT-6 fibroblast cell
line, we demonstrate that rapsyn both induces MuSK Torpedo postsynaptic membranes (data not shown). All
of the MuSK protein was soluble in buffers containingto cluster into large surface aggregates and activates
MuSK kinase activity. Moreover, coexpression of rapsyn 1% Triton X-100 when MuSK was expressed alone in
QT-6 cells. Coexpression of rapsyn with MuSK, how-and MuSK with theAChR leads to thespecific phosphor-
ylation of the AChR on the b subunit, similar to the ever, caused approximately two-thirds of MuSK to be
recovered in the Triton X-100 insoluble pellet. Althoughphosphorylation observed on this subunit in agrin-
expression levels of MuSK are frequently higher in cellstreated myotubes. These results suggest that rapsyn
coexpressing rapsyn, we have found that the associa-may serve to concentrate MuSK at the neuromuscular
tion of MuSK with the Triton X-100 insoluble fractionjunction. Furthermore, the activation of MuSK by rapsyn
does not correlate with expression levels (data notmay be a key intermediate step in the agrin-induced
shown). Rapsyn-induced clustering of MuSK is thereforephosphorylation and clustering of the AChR in muscle
correlated with an association of MuSK with Triton X-100cells.
insoluble components of the cell, possibly the mem-
brane cytoskeleton.
Results Because the rapsyn-induced MuSK clusters shown
here are highly reminiscent of the rapsyn-induced AChR
MuSK Clusters with Rapsyn in QT-6 Cells clusters inQT-6 cells, we asked whether rapsyn-induced
Immunocytochemical and biochemical data have dem- clusters of the AChR and MuSK would be coincident
onstrated the localization of MuSK to synaptic regions in the same cell or whether they would be mutually
in the mammalian neuromuscular junction and the Tor- exclusive. Rapsyn and myc-tMuSK were coexpressed
in the QF-18 cell line that stably expresses the a, b, g,pedo electric organ (Valenzuela et al., 1995; S. K. H. G.
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Figure 1. Rapsyn Induces Clustering of
MuSK in Quail Fibroblasts
QT-6 fibroblasts were transfected with myc-
tMuSK alone (A and B) or were cotransfected
with rapsyn and myc-tMuSK (C and D). Cells
were fixed, permeabilized, and probed with
the anti-myc MAb (A±C) or with the rapsyn
polyclonal antibody (D), followed by fluores-
cently labeled secondary antibodies. A dou-
ble exposure of the images in (C) and (D) dem-
onstrated the precise coincidence of the
MuSK and rapsyn clusters (data not shown).
In (E) and (F), cells were cotransfected with
the TrkA receptor and rapsyn and were
stained with an anti-TrkA antibody (E) or with
the rapsyn MAb (F) followed by fluorescently
labeled secondary antibodies. In (G) and (H),
colocalization of MuSK with the AChR in the
presence of rapsyn was examined in QF-18
cells. Cells were transfected as in (C) and (D)
and were probed with the anti-myc antibody
and fluorescent secondary antibody (G) or
with rhodamine-labeled bungarotoxin (Btx)
(H). The MuSK and AChR clusters are coloca-
lized in double exposures (data not shown).
Scale bar, 16 mm.
and d subunits of the AChR (Koptaand Steinbach, 1994). myc-tMuSK alone, or cotransfected with rapsyn and
myc-tMuSK. The expression of rapsyn alone led to aAs expected, rapsyn induced the clustering of both
MuSK and the AChR in these cotransfected cells. More- modest increase in the level of tyrosine phosphorylation
of cellular proteins, as detected by immunoblotting cellover, these clusters were precisely coincident, demon-
strating that rapsyn can form membrane patches that lysates with an anti-phosphotyrosine antibody (Figure
3A). This rapsyn-induced increase in cellular phosphory-contain both MuSK and the AChR (Figures 1G and 1H).
lation has been previously observed (Qu et al., submit-
ted). The expression of MuSK together with rapsyn, inRapsyn Stimulates the Activity of MuSK
Dimerization of receptor-tyrosine kinases can lead to contrast, led to a considerable increase in the tyrosine
phosphorylation of cellular proteins in QT-6 cells overtheir activation (Heldin, 1995). Because rapsyn induced
the clustering of MuSK, we asked whether rapsyn might that seen with rapsyn alone or myc-tMuSK alone (Figure
3A). To examine whether the tyrosine phosphorylationalso stimulate the kinase activity of MuSK (Figure 3). We
first examined the tyrosine phosphorylation of cellular of MuSK itself was increased by rapsyn expression, we
immunoprecipitated myc-tMuSK from cell lysates usingproteins from QT-6 cells transfected with rapsyn alone,
Neuron
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Figure 2. Coexpression of MuSK with Rapsyn Reduces the Triton
X-100 Solubility of MuSK
QT-6 cells were transfected with myc-tMuSK (lanes 1 and 2) or were
cotransfected with myc-tMuSK and rapsyn (lanes 3 and 4). Cells
were lysed in buffer containing 1% Triton X-100 and were subjected
to centrifugation at 15,000 3 g. The supernatant and pellet fractions
were mixed with Laemmli sample buffer, and equal fractions of the
original lysate were loaded in each lane of an SDS±polyacrylamide
gel. Following electrophoretic separation, proteins were transferred
to PVDF membranes and myc-tMuSK was detected with the anti-
myc antibody. Molecular weight markers (in kilodaltons) are indi-
cated to the left of the blot. Abbreviations: S, supernatant; P, pellet.
Figure 3. Rapsyn Induces the Phosphorylation and Activation of
MuSK
(A) QT-6 cells were transfected with pBK-CMVDlac alone (lane 1),an anti-myc antibody. The immunoprecipitated proteins
with rapsyn (lane 2), with myc-tMuSK (lane 3), or were cotransfectedwere then subjected to immunoblot analysis with an
with rapsyn and myc-tMuSK (lane 4). Cell lysates were prepared inanti-phosphotyrosine antibody. As shown in Figure 3B
13 Laemmli sample buffer, separated by SDS±PAGE, and trans-
(top), the phosphotyrosine content of MuSK was greatly ferred to PVDF membranes. Total soluble proteins were immu-
increased when coexpressed with rapsyn. The blot was noblotted with an anti-phosphotyrosine polyclonal antibody (top
later stripped and reprobed with an antibody to the panel). An additional fraction of the total soluble protein was ana-
lyzed by immunoblotting with the anti-myc antibody (middle) andC-terminus of MuSK which demonstrated that equiva-
the anti-rapsyn polyclonal antibody (bottom) to confirm expressionlent amounts of MuSK were recovered in the immuno-
of these proteins.precipitates (Figure 3B, bottom).
(B) QT-6 cells were transfected with pBK-CMVDlac alone (lane 1),
Rapsyn-induced tyrosine phosphorylation of MuSK with myc-tMuSK alone (lane 2), or with myc-tMuSK[K686R] alone
might arise as the result of increased MuSK activity or (lane 4). Cells were cotransfected with myc-tMuSK and rapsyn (lane
might reflect the activation of coclustered QT-6 protein 3) or with myc-tMuSK[K686R] and rapsyn (lane 5). MuSK was immu-
noprecipitated from lysates with the anti-myc antibody and wastyrosine kinases. To distinguish between these possibili-
detected on immunoblots with an anti-phosphotyrosine antibodyties, we mutated the lysine at position 686 of MuSK to
(top) or with the anti-tMuSK polyclonal antibody (bottom). The ar-arginine. This lysine resides in the catalytic site of the
rowhead in the bottom panel indicates the position of MuSK. The
kinase and similar mutations destroy or greatly reduce lower band is immunoglobulin. Molecular weight markers (in kilodal-
the catalytic activity of a variety of kinases including Trk tons) are indicated to the left of each blot.
(Ohnoet al., 1990; Shelton and Wasserman,1993; Guiton
et al., 1994). We immunoprecipitated MuSK from QT-6
cells expressing myc-tMuSK[K686R] with or without To determine whether the catalytic activity of MuSK is
a necessary prerequisite for its clustering in QT-6 cells,rapsyn (Figure 3B). Blots were probed with an anti-phos-
photyrosine antibody (top) followed by stripping and we examined by immunocytochemistry the ability of
myc-tMuSK[K686R] to cluster with rapsyn. As shownreprobing with a C-terminal MuSK antibody (bottom)
as described above. We found that the basal tyrosine in Figure 4, MuSK[K686R] colocalized with rapsyn in a
manner indistinguishable from that of wild-type MuSK.phosphorylation of MuSK was abolished by the K686R
mutation and that coexpression of rapsyn with the
K686R mutant yielded only a barely detectable tyrosine Activated MuSK Phosphorylates
the AChR b Subunitphosphorylation of MuSK. Moreover, when cells are co-
transfected with rapsyn and the myc-tMuSK[K686R] Clustering of the AChR is associated with increased
tyrosine phosphorylation of the b subunit both in devel-mutant, no enhancement of cellular tyrosine phosphory-
lation is observed over that seen with rapsyn alone (see oping muscle and in cell culture systems (Wallace et al.,
1991; Qu and Huganir, 1994; Wallace, 1994; Ferns etFigure 5A). Thus, both the rapsyn-induced tyrosine
phosphorylation of MuSK and the MuSK-induced tyro- al., 1996). However, a physiologically relevant tyrosine
kinase that phosphorylates the b subunit has yet to besine phosphorylation of cellular proteins require MuSK
catalytic activity. These results suggest that rapsyn in- identified. Because MuSK colocalizes with the AChR
in rapsyn-rich clusters in QT-6 cells, we examined theduces the autophosphorylation and activation of MuSK.
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the anti-tMuSK antibody (data not shown). We next
stripped and reprobed the blot in Figure 5B with a mix
of antibodies to the a (40 kDa), b (50 kDa), g (55 kDa), and
d (65 kDa) subunits (Figure5C) to identify the positions of
the AChR subunits on the immunoblot. A comparison
of the immunoblots in Figures 5B and 5C indicates that
the 50 kDa protein phosphorylated by activated MuSK
comigrates with the b subunit of the AChR. To examine
whether tyrosine phosphorylation of the 50 kDa protein
was dependent on MuSK kinase activity, the MuSK
K686R mutant was transfected into QF-18 cells either
in the presence or absence of rapsyn. We detected no
phosphorylation of the b subunit in the MuSK[K686R]
transfected cells using the anti-phosphotyrosine anti-
body; coexpression of myc-tMuSK[K686R] and rapsyn
yielded a slight increase in the phosphorylation level of
the 50 kDa protein comparable to that seen with rapsyn
alone.
The anti-phosphotyrosine immunoblots suggest that
rapsyn-activated MuSK specifically phosphorylates the
b subunit of the AChR. We confirmed and extended
these results using a phosphopeptide-specific antibody
that recognizes the b subunit of the AChR only when it
is phosphorylated on Tyr-390. This antibody was gener-
ated against a tyrosine-phosphorylated peptide corre-
sponding to the amino acids surrounding the identifiedFigure 4. Catalytic Activity of MuSK Is Not Required for Clustering
with Rapsyn tyrosine phosphorylation site on the b subunit (Wagner
QT-6 cells were cotransfected with myc-tMuSK[K686R] and rapsyn. et al., 1991). We stripped the blots in Figures 5A and 5B
Cells were fixed, permeabilized, and probed with an anti-myc anti- and reprobed them with the phosphopeptide-specific b
body (top) or with the anti-rapsyn polyclonal serum (bottom). A subunit antibody. In cell extracts, this antibody recog-
double exposure of these two panels confirms that the MuSK
nized a 50 kDa protein only when QF-18 cells were co-[K686R] and rapsyn clusters are precisely colocalized (data not
transfected with myc-tMuSK and rapsyn (Figure 5D).shown). Scale bar, 16 mm.
Similarly, a strongly immunoreactive 50 kDa protein was
observed in AChR preparations from QF-18 cells co-possibility that MuSK might phosphorylate the AChR
transfected with myc-tMuSK and rapsyn (Figure 5E).(Figure 5). QF-18 cells were transfected with rapsyn,
The 50 kDa protein was only weakly detected with thewith myc-tMuSK, or with a combination of the two. Cells
phosphopeptide-specific antibody in receptor prepara-were extracted in buffer containing 2% Triton X-100,
tions from cells transfected with rapsyn or myc-tMuSKand soluble proteins were analyzed by immunoblotting
alone or cotransfected with rapsyn and myc-tMuSKwith an anti-phosphotyrosine antibody (Figure 5A). The
[K686R]. A barely detectable band could also be seenrapsyn-induced activation of MuSK in these lysates is
in receptor preparations from cells transfected only withdemonstrated by the dramatic increase in cellular pro-
myc-tMuSK[K686R]. The immunoreactivity of the 50kDatein tyrosine phosphorylation incotransfected cells. This
band could be blocked by preadsorption of the antibodyblot was stripped and reprobed with both the anti-myc
with phosphorylated peptide immunogen butnot by pre-antibody and theanti-rapsyn polyclonalantibody to con-
adsorption with the unphosphorylated form of the pep-firm expression of these proteins (data not shown).
tide (Figure 5F) or by preadsorption with phosphotyro-To analyze phosphorylation of the AChR, we used
sine (data not shown). Given the parallel results obtainedACh±Sepharose affinity chromatography to purify the
with the antibody specific for tyrosine-phosphorylatedAChR from the same cell lysates analyzed in Figure
b subunit and the anti-phosphotyrosine antibody, we5A (Huganir and Racker, 1982; Qu and Huganir, 1994).
conclude that MuSK phosphorylates the b subunit ofSubsequently, the purified receptor preparations were
the AChR on tyrosine residues in QF-18 cells. Moreover,immunoblotted with an anti-phosphotyrosine antibody
this phosphorylation occurs on Tyr-390, the tyrosine in(Figure 5B). We found that cotransfection of rapsyn and
the mouse b subunit that is homologous to the phos-myc-tMuSK led to the specific phosphorylation of a 50
phorylation site identified in Torpedo AChR (Wagner etkDa protein in the ACh±Sepharose eluates. On longer
al., 1991).exposures of the immunoblot, tyrosine phosphorylation
of this 50 kDa band was faintly detectable in receptor
preparations from cells transfected with rapsyn alone
Discussionor myc-tMuSK alone butwas absent from receptor prep-
arations isolated from cells transfected with vector
Agrin-induced clustering of the AChR requires the syn-alone. The tyrosine-phosphorylated proteins of 120 kDa
aptic peripheral membrane protein rapsyn (Gautam etand 45 kDa that copurify with the AChR in lanes 4 and
al., 1995) and the activation of one or more protein-5 comigrate with full-length MuSK and a MuSK break-
down product as determined by immunoblotting with tyrosine kinases (Wallace et al., 1991; Wallace, 1994;
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Figure 5. MuSK Phosphorylates the AChR b
Subunit on Tyr-390
(A) Triton X-100 soluble proteins were pre-
pared from QT-6 cells (lane 1) or QF-18 cells
(lanes 2±7) transfected with the followingcon-
structs: lanes 1 and 2, pBK-CMVDlac; lane
3, rapsyn; lane 4, myc-tMuSK; lane 5, myc-
tMuSK and rapsyn; lane 6, myc-tMuSK
[K686R]; lane 7, myc-tMuSK[K686R] and
rapsyn. Proteins were separated by SDS±
PAGE, transferred to PVDF membranes, and
probed with an anti-phosphotyrosine an-
tibody.
(B) AChR was purified by ACh affinitychroma-
tography from the same cell lysates de-
scribed in (A); column eluates were separated
by SDS±PAGE, blotted to PVDF membranes,
and the blot was probed with a polyclonal
anti-phosphotyrosine antibody. A prominent
50 kDa band in lane 5 comigrates with the b
subunit of the AChR.
(C) The same blot presented in (B) was
stripped and reprobed with a mix of anti-
AChR antibodies: a subunit (40 kDa), MAb
109; b subunit (50 kDa), RH3 polyclonal anti-
body; and g and d subunit (55 and 65 kDa,
respectively), MAb 88b.
(D and E) The same blots presented in (A) and
(B) were stripped again and reprobed with
the phosphotyrosine-specific AChR b sub-
unit antibody (anti-b[PY]).
(F) QF-18 cells were transfected with the fol-
lowing constructs: lane 1, pBK-CMVDlac;
lane 2, rapsyn and myc-tMuSK; lane 3, myc-
tMuSK alone. Lysates were prepared in 13
Laemmli sample buffer, and protein blots
were prepared as above. Blots were probed
with antibodies as follows: top, b subunit RH3
antibody; upper middle, anti-b[PY]; lower
middle, anti-b[PY] preadsorbed with the tyro-
sine-phosphorylated peptide immunogen;
bottom, anti-b[PY] preabsorbed with the cor-
responding unphosphorylated peptide.
Molecular weight markers (in kilodaltons)
are indicated to the left of (A) and (D).
Ferns et al., 1996). In this report, we establish a possible of MuSK (Jennings et al., 1993; Ganju et al., 1995; Valen-
zuela et al., 1995). TrkA thus joins a growing list of pro-link betweenthese two processes by demonstrating that
rapysn can induce the clustering and activation of a teins that do not form clusters in the presence of rapsyn;
this list includes glutamate receptor subunits (S. K. H. G.synapse-specific receptor-tyrosine kinase MuSK. Clus-
tering of MuSK leads to its activation and the subse- and R. L. H., unpublished data), CD8 (Yu and Hall, 1994),
glucose transporters (Maimone and Merlie, 1993), andquent tyrosine phosphorylation of the b subunit of the
AChR, similar to the phosphorylation of the AChR that several others (Apel et al., 1995). Thus, rapsyn-induced
clustering appears to be specific to a select group ofoccurs on this subunit during agrin treatment of muscle
or during synaptogenesis (Qu et al., 1990; Wallace et neuromuscular junction proteins that includes MuSK.
In addition to regulating the subcellular localizational., 1991; Qu and Huganir, 1994).
To investigate interactions between rapsyn and of MuSK, rapsyn stimulates the kinase activity of MuSK.
We found that coexpression of rapsyn with MuSK in-MuSK, we used the QT-6 quail fibroblast cell line, a
simple model system for studying rapsyn-induced clus- creased the tyrosine phosphorylation of MuSK as well
as a number of other cellular proteins. Mutation of Lys-tering of synaptic proteins (Phillips et al., 1991a; Phillips
and Merlie, 1992; Apel et al., 1995). Coexpression of 686 to an arginine at thecatalytic site of MuSK effectively
blocked these phosphorylation events. The simplest in-MuSK and rapsyn in these cells induced their striking
coaggregation into large surface clusters that morpho- terpretation of this data is that rapsyn induces the auto-
phosphorylation and activation of MuSK. Surprisingly,logically resemble the rapsyn-induced clusters of AChR
and dystroglycan in QT-6 cells (Phillips et al., 1991a, rapsyn expressed alone in QT-6 cells induced the mod-
est tyrosine phosphorylation of the same set of cellular1991b, 1993; Maimone and Merlie, 1993; Apel et al.,
1995). Rapsyn did not, however, cluster the TrkA recep- proteins whose phosphorylation is more robustly stimu-
lated by MuSK (data herein and Qu et al., submitted).tor, whose intracellular kinase domain is similar to that
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Although we were unable to detect a MuSK-related mol- activation in muscle cells? While rapsyn is constitutively
clustered in QT-6 cells (Phillips et al., 1991a), the forma-ecule in QT-6 cells by immunoblotting with the C-termi-
tion of rapsyn clusters in muscle is regulated by agrinnal tMuSK antibody (S. K. H. G. and R. L. H., unpublished
(Wallace, 1989). Thus, agrin-induced rapsyn clusteringdata), it remains a possibility that a related kinase is
may be all that is necessary to activate MuSK at thepresent in these cells and is clustered and activated by
neuromuscular junction. A wealth of data, however, sug-rapsyn.
gests that the primary mechanism of receptor-tyrosineNormally, the binding of extracellular ligands to cog-
kinase activation is through the binding of extracellularnate receptor-tyrosine kinases leads to receptor dimer-
ligand; hence, it seems likely that some ligand for MuSKization, followed by autophosphorylation and activation
exists in the synaptic cleft. An obvious potential ligand(Heldin, 1995). Dimerization of the receptor in the ab-
for MuSK is agrin. Although we have not observed agrin-sence of ligand, however, may be sufficient for kinase
induced autophosphorylation of tMuSK in QT-6 cells oractivation. For example, the trk oncogene is thought to
in HEK 293 cells (S. K. H. G. and R. L. H., unpublishedbe constitutively activated through dimerization of its
data), it is possible that muscle cells contain an addi-fusion partner, tropomyosin (Martin-Zanca et al., 1986).
tional cofactor, perhaps a muscle-specific form ofA point mutation in the neu receptor that induces the
a-dystroglycan, that is necessary for agrin to stimulateligand-independent aggregation of the receptor in the
the kinase activity of MuSK. If MuSK is activated byplasma membrane correlates with the oncogenic trans-
an extracellular ligand such as agrin, what role mightforming activity of neu (Weiner et al., 1989). Further,
rapsyn-induced activation of MuSK play in the MuSKsimple overexpression of TrkA in PC12 cells can stimu-
signaling pathway? One intriguing possibility is thatlate ligand-independent autophosphorylation (Hemp-
rapsyn-induced clustering and autophosphorylation ofstead et al., 1992). Based on our immunocytochemical
MuSK serves to prolong the activated signaling statedata demonstrating the rapsyn-dependent aggregation
of MuSK, thereby leading to sustained phosphorylationof MuSK, we propose that rapsyn directly or indirectly
of synaptic proteins such as the AChR.binds to MuSK and facilitates its dimerization intracellu-
Regardless of its role in MuSK kinase activation,larly, thereby stimulating MuSK autophosphorylation
rapsyn-induced clustering of MuSK at the neuromus-and activation.
cular junction might have several additional conse-We have demonstrated that the AChR is a potential
quences. First, clustering of MuSK would increase its
physiological substrate for MuSK at the neuromuscular
local concentration at synaptic sites where the concen-
junction. Rapsyn activation of MuSK leads to the phos-
tration of neuronally derived potential ligands, including
phorylation of the AChR b subunit in QF-18 cells. Fur-
agrin, is highest. Second, by functionally interacting with
thermore, using a phosphopeptide-specific b subunit dystroglycan and the AChR (Apel et al., 1995), as well
antibody, we demonstrate that this phosphorylation oc-
as MuSK, rapsyn may enmesh MuSK within a network
curs on Tyr-390, which is homologous to the tyrosine of membrane and cytoskeletal elements, at least one of
phosphorylation site identified in Torpedo AChR b sub- which, the AChR, is a MuSK substrate. This model is
unit (Wagner et al., 1991). Several studies have sug- further supported by our datademonstrating the rapsyn-
gested that agrin-induced tyrosine phosphorylation of dependent decrease in the Triton X-100 solubility of
the b subunit plays an important role in clustering of the MuSK, indicating the possibility of a rapsyn-mediated
AChR. In cultured chick and mouse myotubes, b subunit association of MuSK with cytoskeletalelements. Rapsyn
phosphorylation precedes agrin- and nerve-induced may thus serve to maintain MuSK in the vicinity of high
clustering of the AChR (Wallace et al., 1991; Ferns et local concentrations of its substrates as well as its po-
al., 1996). A close correlation exists between the con- tential ligands. Finally, rapsyn-mediated clustering of
centrationsof agrin required to induce clusteringand the MuSK should reduce the diffusion of activated MuSK
concentrations required for b subunit phosphorylation away from the site of innervation. Maintenance of spa-
(Ferns et al., 1996). These data are consistent with a tially localized signal transduction pathways is espe-
model wherein b subunit phosphorylation is a necessary cially important in syncytial cells such as muscle, where
step in the clustering process. In non-muscle cell sys- cell membranes are not present to prevent the spread
tems, however, mutations that remove the b subunit of signals. In syncytial Drosophila embryos, smallpertur-
tyrosine phosphorylation site fail to block clustering (Yu bations in the localization of activated receptors in the
and Hall, 1994; Qu et al., submitted). Expression of the dorsoventral and terminal signaling pathways have been
b subunit mutants in muscle cells will be required to shown to profoundly alter the patterning of the organism
resolve this conflict. Beyond its putative role in AChR (St Johnston and NuÈ sslein-Volhard, 1992).
clustering, phosphorylation of the AChR b subunit may While the delineation of the agrin signal transduction
stabilize the association of the AChR with the cytoskele- pathway remains a challenging problem, the functional
ton (Meier et al., 1995; Wallace, 1995) or regulate desen- interaction of MuSK and rapsyn as well as the phosphor-
sitization of the AChR (Hopfield et al., 1988). Finally, two ylation of AChR b subunit by MuSK indicates that MuSK
src-like kinases, Fyk and Fyn, associate specifically with is likely toplay a central role in the pathway. Animportant
the tyrosine phosphorylated AChR d subunit through course of future experimentation will be the analysis of
their SH2 domains (Swope and Huganir, 1993, 1994). interactions between MuSK and extracellular proteins
The phosphorylated form of the b subunit may similarly such as agrin and a-dystroglycan. In addition, the deter-
serve as a scaffold for the assembly of SH2 domain± mination of substrates for MuSK in muscle cells may
containing proteins into a signaling complex. lead to insights into the regulation of agrin-induced
How does rapsyn-induced clustering and activation AChR clustering and reorganization of the synaptic cy-
toskeleton and plasma membrane.of MuSK in QT-6 cells relate to mechanisms of MuSK
Neuron
960
Experimental Procedures Polyclonal anti-rapsyn serum was generated against a (His)6-tagged
full-length mouse rapsyn protein that was expressed in Escherichia
coli and purified by metal chelation chromatography. Anti-tMuSKExpression Constructs
Full-length MuSK cDNA (Jennings et al., 1993) was expressed in polyclonal serum was generated against the peptide KSIHRILERM
HQRMAAALPV corresponding to the C-terminal 19 amino acids offibroblasts as an epitope-tagged protein under the control of a CMV
promoter in a variant of the pBK-CMV vector (Stratagene). This tMuSK. A nonencoded N-terminal lysine residue is included. Anti-
AChR b subunit polyclonal antibody (RH3) was raised against thevariant, pBK-CMVDlac, was prepared by removing the prokaryotic
promoter with the enzymes SpeI and NheI followed by religation of peptide IISRANDEYFIRKPA, corresponding to amino acids 347±361
of the Torpedo b subunit. The phosphotyrosine-specific b subunitthe plasmid. To create the MuSK expression construct, a 3 kb BglI
fragment of MuSK was excised from pBSII/SK1, its ends were filled antibody (JH1360) was raised against the peptide KRGTDEYFIRKP
that had been chemically phosphorylated on tyrosine during synthe-in with the Klenow fragment of DNA polymerase, and it was ligated
into the SmaI site of pBK-CMVDlac. MuSK was then tagged with sis as described by Swope and Huganir (1994). This peptide corre-
sponds to amino acids 384±395 of the rat b subunit and contains aan eleven amino acid epitope from c-myc (EQKLISEEDLN) that is
recognized by the 9E10 monoclonal antibody (MAb) (Evan et al., nonencoded N-terminal lysine residue. Peptides were synthesized
by the Biopolymers facility of the Howard Hughes Medical Institute,1985). To add the myc epitope tag to tMuSK, a 312 bp SacI±SalI
fragment from the 59 end of the cDNA was first subcloned into Baltimore. Immunogens were sent to Hazleton Research Products
for the preparation of rabbit polyclonal serum.pUC19, thereby making the BstXI site at nucleotide 225 unique. Into
this BstXI site was ligated an annealed and phosphorylated pair of
oligos containing the myc epitope. The oligo pairs were 59-GAAC Immunocytochemistry
AAAAGCTCATTAGCGAGGAAGACCTTAACAGTCCC-39 and 59-CTG Cells growing on glass coverslips were fixed, permeabilized, and
TTAAGGTCTTCCTCGCTAATGAGCTTTTGTTCGGGA-39. The myc- stained as previously described (Ehlers et al., 1995). Primary anti-
tagged SacI±SalI fragment was then excised from pUC19 and rein- bodies were used at the following dilutions: anti-rapsyn 1234A asci-
troduced into the original MuSK expression vector. The BstXI site tes 1:100, anti-rapsyn polyclonal crude serum 1:500, anti-myc 9E10
into which the myc oligos were ligated lies halfway between the ascites 1:500, anti-TrkA affinity-purified polyclonal serum 1:500.
N-terminal signal sequence and the start of the first immunoglobulin Cells were subsequently probed with a combination of Lissamine
domain. The introduction of the myc tag and maintenance of the rhodamine-conjugated goat anti-rabbit IgG and FITC-conjugated
proper reading frame were confirmed by sequencing around the goat anti-mouse IgG (Jackson Laboratories), both at dilutions of
site of addition. The K686R mutation of MuSK was created using 1:250. Where appropriate, TRITC-bungarotoxin (Molecular Probes)
the Chameleon double-stranded mutagenesis kit (Stratagene). The was used at a concentration of 100 nM to detect the AChR. Cells
mutagenic oligo (59-GCTTCTTCTTTAAGCATCCTCACAGCGACCAT were washed in PBS following this last incubation and were rinsed
GGTGGAGGTCTCC-39) converts an A at position 2177 of the cDNA briefly in water before mounting in Permafluor (Immunon) supple-
to a G thereby changing a lysine residue to an arginine residue. In mented with 26 mg/ml DABCO (1,4-diazabicyclo[2.2.2]octane, Ald-
addition, this oligo changes a G at position 2169 to a C, a silent rich). Labeled cells were examined on a Zeiss Axiophot microscope
mutation that removes a BstXI site. Sequencing around the muta- using a Zeiss Plan NeoFluar 1003 lens, NA 1.3. Controls were per-
genic site confirmed the presence of the mutation. formed with both primary and secondary antibodies to ensure that
Rapsyn protein was expressed in fibroblast cells from the plasmid fluorescent signals were specific.
pGW1-rapsyn. This plasmid was constructed by removing the
rapsyn coding sequence from pBS-rapsyn (provided by S. Froehner) Immunoprecipitation
using HindIII and EcoRI, followed by ligation into the expression Immunoprecipitation experiments were carried out on lysates of
vector pGW1-CMV. The TrkA receptor was expressed from the cells from 100 mm dishes at 70%±90% confluence. Cells were
pCMVtrk plasmid obtained from M. Chao and colleagues. scraped into 100 ml of 2% SDS in lysis buffer (10 mM NaPO4 buffer
[pH 7.4], 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF,
Culture and Transfection of Cells 10 mM NaPO7, 1 mM NaVO4 [ortho], 0.5 mM phenylmethylsulfonyl
The QT-6 fibroblast cell line (Moscovici et al., 1977) was cultured fluoride, 0.7 mg/ml pepstatin, 1 mg/ml leupeptin, and 10 KIU/ml
as described by Blount and Merlie (1988). The QF-18 cell line, which Trayslol), were subjected to sonication (three times for 10 s), and
stably expresses the a, b, g, and d subunits of the AChR (Kopta and were heated to 1008C for 5 min. Lysates were diluted to 1 ml with
Steinbach, 1994), was maintained in QT-6 medium supplemented lysis buffer containing 1% Triton X-100 and insoluble material was
with 0.15 mg/ml G-418 sulfate (GIBCO). For immunocytochemical pelleted at 15,000 3 g for 10 min at 48C. Soluble proteins from
experiments, cells were trypsinized and 1/100 of a confluent 100 one 100 mm dish were incubated with anti-myc 9E10 ascites and
mm dish was replated into a 35 mm dish containing an ethanol- antibody-bound proteins were recovered with protein G±Sepharose
flamed coverslip. After 24±36 hr in culture, cells were transfected (Gammabind Plus Sepharose, Pharmacia). Sepharose pellets were
for 5 hr using the calcium phosphate precipitation technique of Chen washed three times with lysis buffer containing 1% Triton X-100
and Okayama (1987); 0.5 mg of rapsyn DNA and 3.5 mg of myc- and twice with 20 mM Tris (pH 7.4), 1 mM EDTA, and 1 mM EGTA.
MuSK or TrkA DNA were used for transfections. The total DNA Proteins were eluted from protein G±Sepharose with 23 Laemmli
quantity was held constant at 4 mg/dish with the addition of empty sample buffer.
pBK-CMVDlac vector as necessary. For biochemical studies, trans-
fections were performed as described above in 100 mm dishes, Immunoblotting
24±36 hr following passage. Cells were 60%±80% confluent; 5 mg Proteins were separated by electrophoresis on SDS±polyacrylamide
of rapsyn DNA and 15 mg of myc-MuSK were used with the total gels using standard Laemmli buffers. Molecular weight markers
DNA quantity transfected kept constant at 20 mg using empty pBK- were obtained from Bio-Rad. Prestained marker proteins were cali-
CMVDlac. brated against unstained marker proteins electrophoresed on the
same gel. Following electrophoresis, proteins were electrophoreti-
cally transferred to PVDF membranes (Immobilon, Millipore). PVDFAntibodies
The following antibodies used in this study have been previously membranes were blocked and probed with antibodies using stan-
dard conditions. The following dilutions of primary antibodies weredescribed or are commercially available: anti-rapsyn MAb 1234A
ascites (Peng and Froehner, 1985), anti-myc 9E10 ascites (Evan et used: anti-MuSK crude serum, 1:1000; anti-myc 9E10 ascites,
1:1000; anti-PY MAb 4G10, 1:1000; anti-PY 233 affinity-purified se-al., 1985), anti-AChR d and g subunit MAb 88b (Froehner et al., 1983),
anti-phosphotyrosine rabbit polyclonal antibody 233 (Qu et al., rum, 1:400; anti-AChR a subunit 109 hybridoma supernatant, 1:1;
anti-AChR b subunit (RH3) affinity-purified serum 1:500, anti-AChR1990), anti-phosphotyrosine MAb 4G10 (Upstate Biotechnology In-
corporated), and anti-TrkA (C-14) polyclonal serum (Santa Cruz Bio- d and g subunit affinity-purified MAb 88b 1:1000, phosphotyrosine-
specific anti-AChR b subunit crude serum 1:1000. Secondary anti-technology). In addition, several new antibodies are reported here.
The anti-AChR a subunit MAb 109 was generated against the Tor- bodies (HRP-conjugated donkey anti-rabbit immunoglobulin or
HRP-conjugated sheep anti-mouse immunoglobulin, Amersham)pedo AChR and cross-reacts with the mouse form of the a subunit.
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were diluted 1:5000. Bound HRP was detected with an enhanced Ehlers, M.D., Tingley, W.G. Qu, Z., and Huganir, R.L. (1995). Alterna-
tive splicing regulates clustering of the NR1 subunit of the NMDAchemiluminescent substrate system (Matthews et al., 1985) pre-
pared as follows: 10 ml of 0.1 M Tris (pH 7.5), 0.2 ml of 0.68 mM receptor in fibroblasts. Science 269, 1734±1737.
coumaric acid, 4 ml of luminol (100 mg/ml in DMSO), and 2 ml of Evan, G.I., Lewis, G.K., Ramsay, G., and Bishop, J.M. (1985). Isola-
30% hydrogen peroxide. Reagents for chemiluminescent detection tion of monoclonal antibodies specific for human c-myc proto-onco-
were obtained from Sigma. Blots were stripped as necessary by gene product. Mol. Cell. Biol. 5, 3610±3616.
incubation at 658C for 30 minutes in 62.5 mM Tris (pH 6.8), 2% SDS,
Ferns, M., Deiner, M., and Hall, Z. (1996). Agrin-induced acetylcho-
and 100 mM b-mercaptoethanol.
line receptor clustering in mammalian muscle requires tyrosine
phosphorylation. J. Cell Biol. 132, 937±944.
ACh Affinity Chromatography Fertuck, H.C., and Salpeter, M.M. (1974). Localization of acetylcho-
Pairs of transfected 75%±90% confluent 100 mm tissue culture line receptor by 125I-labeled a-bungarotoxin binding at mouse motor
dishes were washed twice in warm PBS. The cells were lysed by endplates. Proc. Natl. Acad. Sci. USA 71, 1376±1378.
scraping in 0.6 ml each of ice-cold 2% Triton X-100 lysis buffer (Qu
Froehner, S.C. (1991). The submembrane machinery for nicotinicand Huganir, 1994). An aliquot of the lysate (2.5%) was mixed 3:1
acetylcholine receptor clustering. J. Cell Biol. 114, 1±7.with 43 Laemmli sample buffer for analysis by SDS±PAGE and
Froehner, S.C., Douville, K., Klink, S., and Culp, W.J. (1983). Mono-immunoblotting. The AChR was purified on ACh±Sepharose as pre-
clonal antibodies to cytoplasmic domains of the acetylcholine re-viously described (Huganirand Racker, 1982; Qu and Huganir, 1994).
ceptor. J. Biol. Chem. 258, 7112±7120.AChRs were eluted from the affinity resin with 23 Laemmli sample
buffer for analysis by SDS±PAGE and immunoblotting. Froehner, S.C., Luetje, C.W., Scotland, P.B., and Patrick, J. (1990).
The postsynaptic 43K protein clusters muscle nicotinic acetylcho-
line receptors in Xenopus oocytes. Neuron 5, 403±410.Triton X-100 Extraction Studies
Single 100 mm dishes of QT-6 cells transfected with myc-tMuSK or Ganju, P., Walls, E., Brennan J., and Reith, A.D. (1995). Cloning and
cotransfected with myc-tMuSK and rapsyn were lysed by scraping developmental expression of Nsk2, a novel receptor tyrosine kinase
into 1 ml of lysis buffer containing 1% Triton X-100 followed by implicated in skeletal myogenesis. Oncogene 11, 281±290.
sonication for 30 s at 50% power. Cell lysates were incubated on Gautam, M., Noakes, P.G., Mudd, J., Nichol, M., Chu, G.C., Sanes,
ice for 30 min and were subjected to centrifugation at 15,000 3 g J.R., and Merlie, J.P. (1995). Failure of postsynaptic specialization
for 10 min at 48C. The supernatant was mixed 3:1 with 43 Laemmli to develop at neuromuscular junctions of rapsyn-deficient mice.
sample buffer, while the pellet was resuspended in 13 Laemmli Nature 377, 232±236.
sample buffer.
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